We carried out a genome-wide prediction of scaffold/matrix attachment regions (S/MARs) in Arabidopsis. Results indicate no uneven distribution on the chromosomal level but a clear underrepresentation of S/MARs inside genes. In cases where S/MARs were predicted within genes, these intragenic S/MARs were preferentially located within the 5#-half, most prominently within introns 1 and 2. Using Arabidopsis whole-genome expression data generated by the massively parallel signature sequencing methodology, we found a negative correlation between S/MAR-containing genes and transcriptional abundance. Expressed sequence tag data correlated the same way with S/MAR-containing genes. Thus, intragenic S/MARs show a negative correlation with transcription level. For various genes it has been shown experimentally that S/MARs can function as transcriptional regulators and that they have an implication in stabilizing expression levels within transgenic plants. On the basis of a genome-wide in silico S/MAR analysis, we found a significant correlation between the presence of intragenic S/MARs and transcriptional down-regulation.
The Arabidopsis genome has been sequenced, and 115 Mb of sequence were allocated on five chromosomes encoding .25,000 genes. Only for the highly repetitive regions, like the core centromeres and the nucleolar organizing regions, no sequence information is available (The Arabidopsis Genome Initiative, 2000) . Nevertheless, in addition to the low copy regions located on the chromosome arms, extensive information and analysis data for the complex heterochromatic and subcentromeric regions are available. Annotation of the Arabidopsis genome is far advanced with respect to genes, but little, beyond some repetitive sequences, is known about the noncoding regions.
Among the most important sequence features involved in chromatin structure as well as in transcription controls are the scaffold/matrix attachment regions (S/MARs). These regions are about 300 bp to several kb in length and are present in all higher eukaryotes, including mammals and plants Allen et al., 2000) . S/MARs are operationally defined as DNA elements that bind specifically to the nuclear matrix or as DNA fragments that copurify with the nuclear matrix (Michalowski et al., 1999) . S/MARs often coincide with chromatin features associated with gene function, nuclease hypersensitivity, non-B-DNA structures, origins of replication, and hotspots of retroelement insertion (Avramova et al., 1998; Paul and Ferl, 1998; Tikhonov et al., 2000 Tikhonov et al., , 2001 . S/MARs are notable for their AT richness and likely narrowing of the minor groove (Gasser et al., 1989; Bode et al., 1995 Bode et al., , 1996 . S/MARs may additionally be defined as cis-acting elements typically found outside the transcribed regions and within introns. They typically augment transcription rates in a highly contextdependent manner (Schubeler et al., 1996) but are separable from enhancer sequences on the basis of transient expression analyses (Bode et al., 1995) .
In the interphase and metaphase nuclei, chromosomal DNA is tightly packaged into higher order structures. A DNA-histone protein complex forms the nucleosome core. This structure is further condensed to the chromatin fiber. According to the loop domain model, these fibers are attached at their bases to the nuclear scaffold, and the unanchored fiber loops out from the point of attachment. Such loops are not randomly attached to the matrix but involve associations with specific stretches of DNA, the S/MAR landmarks themselves. Such looping has been implicated with the functional compartmentalization of the genome. Human chromosomes 18 and 19 provide evidence for such a functional compartmentalization of the genome (Croft et al., 1999) . Chromosome 19 is actively transcribed and is both tightly associated with the nuclear matrix and localized to the interior of the nucleus. Chromosome 18 is poorly transcribed, and its peripheral location is associated with heterochromatin (Croft et al., 1999) . This demonstrates some importance for association with the nuclear matrix for transcription. However, thus far, this has not yet been demonstrated in plants.
Studies in Arabidopsis and maize (Zea mays; Paul and Ferl, 1998) have shown that the plant genome is not packaged by random gathering into domains of indiscriminate length, but, rather, the genome is gathered into specific domains, and a gene consistently occupies a discrete physical section of the genome. The average loop size in Arabidopsis and maize has been estimated as 25 and 45 kb, respectively (Paul and Ferl, 1998) , although other studies (e.g. van Drunen et al., 1997) have suggested smaller domain sizes. Some loops may remain permanently condensed and inactive, even within the euchromatic portions of the genome. Others can be extended to produce a transcriptionally poised conformation in appropriately differentiated cells (Hassan et al., 1994) . Data on the location of transcribed elements within structural loops at the supragenic level are however limited to only a few studies. These suggest that attachment to the matrix and transcription is not systematically associated (Mirkovitch et al., 1988; Surdej et al., 1990) , though S/MARs are associated with the ends of some DNaseI-sensitive (transcriptionally poised) domains (Bonifer et al., 1991) . There is, however, a wide variety of examples that suggest a correlation between the presence of an S/MAR and gene expression (Jarman and Higgs, 1988; Farache et al., 1990; Mielke et al., 1990) . S/MARs have also been identified within introns of genes (e.g. Cockerill et al., 1987; Avramova and Paneva, 1992; Romig et al., 1994) . Cockerill et al. (1987) suggested that MARs flanking enhancer sequences may act as positive and/or negative regulators of enhancer function. Romig et al. (1994) stated that nothing is known about the function of MARs that have been identified within introns of genes (for further examples of intronic MARs, see references cited therein). The size of the S/MAR anchored loops has been implicated in relative expression efficacy; single genes contained within shorter loops have higher expression levels than multiple genes existing within a longer loop (Mirkovitch et al., 1988; Mlynarova et al., 1995) .
The promoter-S/MAR distance is, however, an important factor in the correct functioning of the loop (Mlynarova et al., 1995; Schubeler et al., 1996) . In addition to the S/MAR-associated enhancement of gene expression, S/MARs have a proposed role in the negative regulation of gene expression. Such negative regulation is the proposed default mode of action for S/MARs both closely associated with the promoter sequence or when appearing downstream of the promoter (Schubeler et al., 1996) . Such S/MARs would block progression by RNA polymerase II, so they may be either nonfunctional in vivo or have a regulated matrix-binding activity (Schubeler et al., 1996) . Investigation of these intronic S/MARs in plants shows that they generally have a lower affinity for binding to the nuclear matrix and may therefore differ in their association contacts with the matrix (Tikhonov et al., 2000) . Additional specific S/MAR-binding soluble factors might be involved in mediating a regulated binding of weak S/MARs to the nuclear matrix (Mielke et al., 1990; Bode et al., 1996; Schubeler et al., 1996) . Strong S/MARs delimit the structural domains containing the transcriptional units in yeast (Saccharomyces cerevisiae; Brun et al., 1990 ). This has not been found for weak S/MARs, though the possibility remains that weak S/MARs are involved in dynamic folding of loops into subdomains (Avramova et al., 1995) . S/MARs have been further demonstrated in a variety of functional tests to act as insulators (Mlynarova et al., 2003) , according to the loop domain model, by protecting a loop from the effects of the neighboring chromatin or associated enhancer sequences. However, this is not a general rule since other S/MARs do not show such insulating activity in enhancer-blocking assays, and some known insulators do not show properties typical for S/MARs (Jarman and Higgs, 1988; Kellum and Schedl, 1992; Li and Stamatoyannopoulos, 1994; Antes et al., 2001; Razin, 2001) .
The association of an S/MAR with a transgene may lead to a transgene forming its own chromatin domain and allows separation from the local chromatin environment (Hall et al., 1991) , thus providing the transcription machinery with better access to the gene (Phi- Van et al., 1990) . This may be observed experimentally as a change in DNaseI sensitivity (Allen et al., 2000) . S/MARs appear to greatly increase transgene expression in plant cell lines (Mlynarova et al., 1995; Allen et al., 1996) . In mammalian cell line systems, the use of S/MARs within transgene constructs has allowed for reporter expression levels proportional to the number of transgene insertions (Phi- Van et al., 1990; McKnight et al., 1992) . S/MARs may also be effective against transcriptional silencing induced by cis-interactions within repeated transgene arrays (Allen et al., 2000) .
The paradox that ortholog genes from different species will show similar functions in different chromosomal settings has been proposed (Tikhonov et al., 2000) . The presence of anchors that stably position genes within the spatial architecture of the nucleus seems a reasonable hypothesis (Flavell, 1994 ). This has been tested using large collinear chromosomal continuums between maize and sorghum (Sorghum bicolor; Tikhonov et al., 2000) and rice (Oryza sativa) and sorghum (Avramova et al., 1998) . With the virtual subtraction of retrotransposon sequences, the gene coding sequences were observed to occur within comparable loops. Although the chromosomal segments are small (78 kb in sorghum), there is evidence for a more extensive localization of S/MARs within the coding (intronic) sequences. These intronic S/MARs are preserved in homologous genes and in ortholog introns in maize and sorghum (Tikhonov et al., 2000) . This supports a notion of conserved function.
Plant systems are ideal for the study of S/MARs on a genome-wide scale. Gene structures within plants are typically composed of compact genes with short introns. This is in contrast to mammalian systems in which genes are expanded and short exons are interspersed by enormous introns. To date, there have been no published genome-scale investigations of S/MARs in plants. In this article, we present a genome-scale in silico analysis of putative S/MARs in Arabidopsis.
We have undertaken a comprehensive bioinformatics-based analysis of S/MAR sequences across the Arabidopsis genome. This reveals two distinct types of S/MARs, those that can be mapped to exons or more frequently to intronic sequences that we have termed intragenic S/MARs. The bulk of S/MARs map to the intergenic portion of the genome. In this article, we focus on the intragenic S/MARs, the elements that have been hypothesized to have a role within the regulation of gene expression. In particular, we carried out an exhaustive combinatorial analysis on the correlation between transcriptional abundance and presence/absence of S/MAR elements. Apart from expressed sequence tag (EST) data, expression data generated by the massively parallel signature sequencing (MPSS) method were used to investigate potential correlations.
RESULTS
Concatenated pseudomolecules representing the five sequenced Arabidopsis chromosome arms were assembled from the bacterial artificial chromosome tiling path available from MAtDB (http://mips.gsf. de/proj/thal; Schoof et al., 2002) . Suitability of SMARTest for the purpose of detection of S/MAR elements in plants has been demonstrated previously (Frisch et al., 2002) . Therefore, SMARTest was used to predict S/MARs within each of the pseudomolecules.
No S/MAR Clusters Appear on Chromosomal Level
A total of 21,705 S/MARs were detected throughout the genome, which is in the same order of magnitude as the number of genes (Table I ). The average density of S/MARs detected was about 1 S/MAR per 5.5 kb of genomic sequence. The predicted S/MAR sequences total 16 Mb of sequence and account for approximately 13.5% of the Arabidopsis genome.
The Arabidopsis chromosomes have pronounced cytogenetic and clearly defined molecular topological features such as heterochromatic and subcentromeric regions, which contain a high density of transposable elements and large-scale insertions of mitochondrial DNA (Copenhaver et al., 1999; Lin et al., 1999; Mayer et al., 1999 ; CSHL/WUGSC/PEB Arabidopsis Sequencing Consortium, 2000; Fransz et al., 2000; Stupar et al., 2001) . No evidence was found for a significant genomic location bias (hotspots of high or low S/MAR density) with respect to chromosomal localization and the presence of subcentromeric or heterochromatic regions (data not shown). Consistent with the absence of S/MARs in organelles, no S/MAR element has been detected within the approximate 620-kb mitochondrial insertion on Arabidopsis chromosome 2.
Intragenic S/MARs within the Arabidopsis Genome
Numerous S/MARs have been reported in plant genomes (Chinn and Comai, 1996; van Drunen et al., 1997; Avramova et al., 1998) . Thus, we asked the question as to whether S/MARs in Arabidopsis showed any correlation with genes on a whole-genome scale. A potential preference for the localization of S/MARs in transcribed and nontranscribed regions was investigated by comparison of the predicted S/MAR coordinates with the positions of the annotated genes.
A gene was only considered as containing an S/MAR if there was at least 50 bp of sequence overlap between the coding region of a gene and the S/MAR in question because S/MAR elements are of considerable length (by definition at least 300 bp using SMARTest), and exact S/MAR borders, thus far, cannot be defined. Using these criteria, we found 8.2% of all genes to contain at least 1 S/MAR (2,135 out of 26,027 genes). We carried out an identical analysis on 50 datasets generated by randomizing the distribution of S/MARs across the chromosomes (adapted from Frisch et al., 2002) in order to address the significance of S/MARgene correlations. This analysis indicates an approximate 4-fold underrepresentation of S/MARs within genes (Table II) .
Correlation of Intragenic S/MARs with Gene Expression
In mammalian and viral systems, S/MARs are known to be involved in chromatin remodeling and transcriptional control (Liu et al., 1997; Wang et al., 1999; Stunkel et al., 2000) . S/MARs have also been found to be involved in plant gene regulation, and intragenic S/MARs were found to be different from intergenic S/MARs (Tikhonov et al., 2000) . We investigated whether there is a correlation between S/MARs and gene expression on a whole-genome scale in Arabidopsis. We assessed correlation of the presence of intragenic S/MARs with the expression level of genes by using MPSS data as indication of whether a gene is expressed or not (Fig. 1A) . MPSS is a powerful means for the quantitative measurement of gene expression. It enables one to identify and analyze the level of expression of all genes in a sample by counting the number of individual mRNA molecules. A 17-to 20-bp signature (or tag) is identified from the 3# end of each transcript in a population of mRNAs; the abundance of identical tags in a library is indicative of the level of expression of the gene from which the tag was derived. Therefore, the MPSS data provide a quantitative estimate of expression as opposed to the relative estimates derived from hybridization signal intensities on microarrays. We also evaluated the same correlation using EST data instead of MPSS data, as a correlation between the abundance of ESTs and the expression of genes was already reported (Pires Martins et al., 2001 ). Since only 8.2% of all genes contain S/MARs, we estimated whether the sample size might cause a bias against MPSS or EST-correlated genes by randomly selecting 50 sets of 2,135 genes (i.e. the number of S/MAR-containing genes) from all genes and calculating the MPSS and EST correlation for the random sample. The small sample size did not influence the expected amount of MPSS and EST correlation, while there are clearly fewer S/MARcontaining genes associated with MPSS sequences or EST matches (Fig. 1) . The average number of MPSS sequences or ESTs associated with S/MAR-containing genes is also significantly reduced, suggesting an on average lower expression level of the affected genes. Annotation of higher eukaryotic genomes is an error-prone process. Thus, such a finding could potentially result from a 10% gene annotation error generating spurious genes or concatenated genes accidentally located around intergenic S/MARs, which would not correspond to ESTs. However, EST and MPSS data are only available for expressed sequences. In addition, correlation analysis as outlined above, but restricted to experimentally verified genes, was also carried out for MPSS as well as EST data. A smaller but still significant reduction of MPSS hits and ESTs associated with S/MAR-containing genes was observed (data not shown). Thus, we can rule out that the significant deviation in expression level is attributable to spurious gene models and/or annotation errors.
In summary, there is a considerable bias for genes with intragenic S/MAR to have a correspondingly lower number of MPSS hits and EST coverage than genes that are not associated with an S/MAR.
In the human genome, involvement of intragenic S/MARs in repression of gene expression has been reported. An S/MAR located within the first intron of the hepatic-specific human cholesterol 7a-hydroxylase (CYP7A1) inhibits transcription of the gene by recruiting histone deacetylase to CCAAT displacement protein binding sites within the S/MAR (Antes et al., 2000) . The first intron is a favorable place for intragenic This table shows the observed and expected numbers of S/MARs found within coding regions and introns of genes. The expected numbers were obtained by averaging the results from 50 test sets in which the number of S/MARs actually found was randomly distributed throughout the Arabidopsis genome. The SD is given for the 50 control datasets. regulatory regions, bringing the S/MARs close to the promoter region, i.e. overlapping the 5# end of the gene or within the first or second intron (exons usually do not contain S/MARs).
Therefore, we investigated the relative distribution of S/MAR elements within the S/MAR-containing genes of Arabidopsis. As depicted in Figure 2 , there is a clear bias toward the 5#-half of the genes most pronounced in the first intron. The expected value was corrected for relative number and size of introns and exons, and we verified that the different AT content of Arabidopsis exons versus introns did not have a significant influence on the results.
DISCUSSION
The presence and conservation of S/MARs in plant genomes is well established (Chinn and Comai, 1996; Avramova et al., 1998; Fukuda, 2000; Tikhonov et al., 2000) , and S/MARs have been reported for individual genes of Arabidopsis as well (Sawasaki et al., 1998) . From these studies it is also well established that S/MARs fulfill important biological functions. However, a genome-wide analysis of S/MARs within plant genomes thus far has not been carried out. Here, we report, to our knowledge, the first genome-wide prediction of S/MARs in a plant genome, Arabidopsis, using the SMARTest software (Frisch et al., 2002) . In this study, we predicted 21,705 S/MAR elements within the Arabidopsis genome. SMARTest was shown to predict S/MARs with a specificity of about 70% and a sensitivity of about 40% (Frisch et al., 2002) . Our data represent an approximation of number and location of Arabidopsis S/MARs and allow carrying out of meaningful correlation analysis on a genomewide scale, which had been impossible.
We observed no clustering of S/MARs along the whole genome of Arabidopsis, independent of low or high complexity regions. No potential S/MAR elements have been detected within the large-scale insertion of mitochondrial DNA in chromosome 2, which is consistent with the absence of full-length S/MARs in organelle DNA.
S/MARs have been implicated with the organization of chromatin structure and remodeling. This function is thought to be independent of any distance correlation with genes Tikhonov et al., 2000) . Our genome-wide association studies proved that S/MARs are predominantly located within the intergenic regions, and the number of S/MARs detected (21,705) is in the same order of magnitude as the number of genes (26,027). S/MARs within Arabidopsis are clearly associated with genes. However, due to the compact organization of the genome, it cannot be ruled out that the S/MAR-gene association might merely be a consequence of the short intergenic regions (average length approximately 2,500 bp).
One of the functions S/MARs are involved in is modulation of transcription both in mammalians and plants (Chinn and Comai, 1996; Whitelaw et al., 2000) , and S/MAR-binding proteins are directly involved in transcriptional control (Nepveu, 2001) . Intronic S/MARs were also previously linked functionally to gene regulation (Oancea et al., 1997) , prompting us to search for a connection between intragenic S/MARs Figure 2 . Intragenic S/MARs in Arabidopsis are located preferentially in the 5#-half of the genes. This graph shows the relative frequency of an S/MAR overlapping or occurring within a particular intron or exon. A value of 1.0 is indicative of the observed value equaling the expected value; a value greater than 1.0 is indicative of an overrepresentation of S/MAR occurrence with this feature; and a value of less than 1.0 is indicative of an underrepresentation of S/MAR occurrence with this feature. Numbers have been corrected for actual numbers and length of introns and exons. and gene transcription. Absence of ESTs for a given gene does not necessarily indicate a lack of transcription but may result from low levels of transcription causing the mRNA to be missed during EST sequencing. However, as MPSS data are more than 60 times deeper than EST data, this makes such undersampling unlikely. Using ESTs as a measure for gene transcription levels was also successfully applied in at least one other study (Pires Martins et al., 2001 ) and supported the negative correlation between intragenic S/MARs and transcription level of Arabidopsis genes already deduced from MPSS sequence correlation.
Recent results obtained by genome-wide expression analysis on high density oligonucleotide tiling arrays showed that the 600-Mb insertion of mitochondrial DNA on Arabidopsis chromosome 2 shows a high level of transcriptional activity (Yamada et al., 2003) . One hypothesis coincident with our suggested transcriptional repressive function of S/MARs is that the absence of any full-length S/MARs in this insert, which is now under the same control mechanisms as the chromosomal DNA, might be one reason for the observed high transcriptional activity.
A mechanism for gene silencing by an S/MAR located in the first intron of the human cholesterol 7a-hydroxylase gene has been reported (Antes et al., 2000) ; further examples for S/MAR-mediated repressive effects are reported by Banan et al. (1997) and Kohwi-Shigematsu et al. (1997) . However, to our knowledge, no large-scale correlation analysis has been carried out thus far. We analyzed all Arabidopsis S/MAR-containing genes and found S/MAR locations to be biased toward the 5#-half of those genes (most prominent was the first intron). This is consistent with findings in human and mouse (Glazko et al., 2003) . The clear tendency of S/MARs to be located within the first two introns, especially in genes with no EST correlation, suggests a connection between S/MAR presence and gene expression. Further support comes from a study on function of MAR-binding filament-like protein (MFP1) in various plants (Harder et al., 2000) . MFP1 has been shown to depend on organ specificity and developmental timing. This has been interpreted with a possible role of MAR-binding proteins in creating chromatin environments in tissue and/or development-dependent manner for either expression or repression of MAR-regulated genes. These data are compatible with a scenario in which intragenic S/MARs tend to fulfill a down-regulatory function. Our genome-wide S/MAR prediction led to the formulation of a correlation-supported functional hypothesis for intragenic S/MARs. Although the mechanism(s) of S/MAR induced repression in Arabidopsis remains unclear, S/MARs might play a role in negatively controlling particular groups of genes depending on particular tissue environments or environmental clues. Considering this and taking into account probable chromatin-dependant regulatory influences on particular genes of interest might well impact future functional characterization of individual genes.
Experimental S/MAR detection is usually carried out by matrix-reassociation assays and currently is not being performed on a whole-genome scale. Functional properties like the down-modulatory effect on gene transcription proposed in this study possibly would have escaped detection, since only one S/MAR property, matrix binding, is tested in most assays.
Current knowledge did not allow establishing similar correlations for the intergenic S/MARs. It remains unclear whether the observed preferred distance between intragenic and intergenic S/MARs of about 1,500 bp (data not shown) is a mere consequence of the small size of genes and intergenic regions, or the preferential location of intragenic S/MARs is there to ensure such S/MAR pairs with the observed distances. However, successful correlation of the intragenic S/MARs with functional features suggests that the intergenic S/MARs may also be functional, e.g. to provide a biologically meaningful scaffolding of genomes for further in silico as well as laboratory-based experimental research.
MATERIALS AND METHODS
Five pseudomolecules representing each of the Arabidopsis chromosomes were concatenated using genome-tiling path data from MAtDB (08/11/02 release). Gene annotation and coordinates for each of the annotated proteincoding features were anchored to the pseudomolecules, and coordinates were stored in a relational database. S/MAR prediction was performed using the SMARTest program (http:// www.genomatix.de; Genomatix Software, Munich) as published (Frisch et al., 2002) . SMARTest does not use a consensus sequence approach. The approach is based on a library of S/MAR-associated, AT-rich patterns derived from comparative sequence analysis of experimentally defined S/MAR sequences. Density analysis of the matches of these S/MAR-associated weight matrices is used for the prediction of S/MARs in genomic DNA sequences. The original training set of SMARTest contained 16 plant S/MARs (7 of these were from Arabidopsis) in a total of 34 S/MARs, and plant and mammalian S/MARs can be located with the same program and settings. Sensitivity (38%) and specificity (68%) of SMARTest has been confirmed using genomic sequences with experimentally defined S/MARs for evaluation (Frisch et al., 2002) . We used SMARTest default settings for the analysis of the Arabidopsis genome. The coordinates delimiting the chromosomal location of each of the candidate S/MARs was anchored to the pseudomolecules and appended to the database schema.
The technology has also been applied for a genome-wide prediction of S/MARs in mammalian genomes (human, mouse, and rat). These and also the Arabidopsis data are available in the Genomatix ElDorado system (http://www.genomatix.de). The list of Arabidopsis S/MARs is also available as Supplemental Tables I to V (available at www.plantphysiol.org).
For the random-test analysis of the results, the mapped S/MARs were randomly distributed across the chromosome on which they were originally found. The distribution procedure was invoked 50 times, so there were 50 different copies of the dataset with randomized S/MAR locations. While the S/MARs were distributed throughout the genome, size constraints were maintained so each S/MAR maintained its original size.
To assess the effect of intragenic S/MARs upon gene expression, we made use of the Arabidopsis MPSS data available at the University of Delaware (http://mpss.udel.edu). MPSS involves parallel sequencing of millions of short cDNA fragments from a specific tissue (Brenner et al., 2000a (Brenner et al., , 2000b . The 8.8 3 10 6 MPSS sequence reads were consolidated into a matrix describing MPSS sequences and their relative abundance in the 10 different experimental tissues and conditions measured. Each MPSS signature was anchored to corresponding Arabidopsis genes, and ambiguous MPSS sequences were removed. An ambiguous sequence was defined as a sequence that could not be clearly anchored to an annotated Arabidopsis gene or to those sequences that matched more than one Arabidopsis gene.
For each gene cognate, MPSS tag counts were summed up for all 10 experiments used. For all Arabidopsis genes containing at least 50 bp of S/MAR overlap with either intron or exon structure, the average number of MPSS sequence reads per gene was determined. As a background noise threshold, a gene was only scored if within the sum of all 10 experiments used, a total normalized abundance of 10 transcripts per million had been scored. As a control, all genes within the genome that are not associated with an S/MAR were subjected to the same analysis and classification. The number of genes that did not contain any MPSS tags above threshold was also compared between genes containing or not containing S/MARs. To exclude the possibility that any results were caused by sampling effects, 10 replicates of the experiment were repeated using randomly selected populations of Arabidopsis genes while retaining the size of both the S/MAR-containing or non-S/MAR-containing populations. The analyses were repeated using just the experimentally validated, known Arabidopsis genes.
To validate our observations of the effect of intragenic S/MARs upon gene expression, we made use of EST databases. The complete collection of Arabidopsis ESTs from dbEST (March 2002) was anchored to Arabidopsis genes on the basis of BLASTN sequence similarities. An EST was assigned only to the best Arabidopsis gene match, and matches that did not satisfy the assignment criteria of 10 210 were rejected. If at least one EST could be assigned, the gene was counted as transcribed/expressed. The March 2002 dbEST was used since the 113,000 Arabidopsis ESTs represented were from standard cDNA libraries and represented undirected clone sequencing strategies. Newer EST collections contained full-length cDNA sequences and are less representative of random gene expression. S/MAR assignment to intron/exon features used both the S/MAR coordinates and the coordinates of the gene features. An S/MAR was assigned to a gene feature when a minimal sequence overlap of 50 bp was measured. The number of S/MARs assigned to a feature was expressed as the percentage of all S/MARs that could be assigned to the feature. Relative overrepresentation or underrepresentation of S/MARs was assessed by expressing the observed data against the expected data averaged from the 50 jumbled datasets as a ratio.
Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under accession numbers NC_003070, NC_003071, NC_003074, NC_003075, and NC_003076.
